Introduction
The term ''coarsening'' is used in this talk to refer to the growth, in a liquid-solid mixture, of solid regions of low curvature at the expense of regions of higher curvature. Coarsening manifests itself in solidification of metal alloys as 1) growth of larger particles or dendrite arms with simultaneous dissolution of smaller particles or arms (''ripening''), 2) filling in of spaces between particles or dendrite arms (''coalescence'') and 3) breakup of dendrites (''dendrite multiplication''). Figures 1(a) , (b), and (c) show schematically the ripening during solidification of an equiaxed dendrite. Dendrite arms grow both as a result of increasing fraction solid as solidification proceeds, and by dissolution of smaller arms. At higher fractions solid, Fig. 1(c) , coalescence becomes the dominant coarsening mechanism, as spaces between dendrite arms fill in. With sufficient time, at least for material with fine initial grain size, coarsening proceeds to such an extent that the dendrite gradually assumes a rosettelike structure, Figs. 2(a) and (b), and then spherical morphology, Fig. 2(c) , which itself then coarsens, and may eventually coalesce, Figs. 3(a), (b), and (c). The third coarsening mechanism discussed in this paper is the breakup of dendrites initially formed, Fig. 4 . Studies of growing dendrite tips in transparent materials show how coarsening, and to some extent coalescence, begin just back from the tip, soon after the secondary dendrite arms form. [1] [2] [3] An example is the succonitrile dendritic growth experiment of Glicksman and co-workers, 4) Fig. 5 . Note that the secondary arm spacing increases along the length of the dendrite, back from the tip. The increase results from the melting back of smaller arms (coarsening), and their eventual engulfment by the growing larger arms (coalescence). Direct evidence of coarsening in metallic alloys is seen by quenching samples at different local fractions solid. 5) The dendrite arm spacing increases progressively during solidification as a result of both ripening and coalescence, as shown schematically in Figs. 1(a), (b), and (c).
Grains in castings and ingots of metal alloys range typically from several hundred microns to 10 mm or more in diameter, and possess a well formed internal dendritic structure. Coarsening of the internal dendrite structure of such grains takes place in the early stages primarily by ripening (dissolution of smaller arms), with coalescence occurring in the later stages such that spaces between the remaining dendrite arms fill in to form plate-like structures. The plate-like structure, sketched in Fig. 1(c) , is particularly evident in columnar grains. It often gives the illusion on polished sections, especially in columnar structures, that dendrite arms have grown in non-crystallographic directions.
Dendrite arm spacings have been measured for a large number of alloys, by many investigators, and are typically plotted against average local cooling rate or alternatively ''local solidification time,'' local solidification time is defined as the temperature range of solidification of the alloy, divided by the local cooling rate. Figure 6 is a summary plot including data from a number of investigators assembled by Bower, Brody and Flemings, 6) from Bardes and Flemings, 7) and Annavarapu and Doherty. 8) Data are for Al-Cu alloys of roughly 4 to 7% Cu. A line, from early industrial experiments of Spear and Gardner, 9) summarizing data from six commercial aluminum alloys, is superimposed on the plot. Essentially all of the data fall within the band shown, with a slope on the log-log scale of 1/3. The lines in Fig. 6 correspond to the coarsening relation:
where is dendrite arm spacing in castings solidified with a local solidification time of t L , and K is the ''cubic coarsening coefficient.'' That coefficient is 290 mm 3 s À1 at the lower bound and 3400 mm 3 s À1 at the upper bound. Many measurements have also been made of the coarsening occurring during isothermal holding of dendritic structures in the liquid-solid state. Typical data are shown in Fig. 6 for experiments by Kattamis et al. 5) for Al-4.5% Cu alloy and by Poirier et al. 10) for Al-15.6% Cu. In spite of the range of alloys and range of fraction solids (0.3-0.5), the data fall within the scatter band drawn.
Quantitative dendrite coarsening models have been developed by a number of investigators; these have generally involved simple geometries. In one such model for isothermal coarsening, by Kirkwood, 11) coarsening is assumed to take place wholly by ''melting back'' of smaller dendrite arms. It is presented here in simplified form, following Chen and Kattamis: 12)
where is liquid-solid surface energy, T is temperature, D L is liquid diffusion coefficient, H is heat of fusion, k is partition ratio and m L is liquidus slope. Taking ¼ 5 Â 10 À2 Jm À2 ,
, and m L ¼ À3:49 K/mass% yields a cubic coarsening coefficient of 328 mm 3 s À1 , which lies at the lower end of the band drawn in Fig. 6 .
Influence of Coarsening on Microsegregation in Dendritic Solidification
The simplest treatment of microsegregation in dendritic growth, the Scheil equation, neglects both diffusion in the solid and coarsening. Diffusion in the solid reduces microsegregation somewhat and has been extensively treated. The first stage of coarsening sketched in Fig. 1 (b) (the ripening stage), also is expected to result in reduction of microsegregation, 13, 14) while the latter stage (the coalescence stage) should have little effect. It appears from work to date that the effect of coarsening on microsegregation is small, and certainly less than the effect of back-diffusion in the solid.
Spheroidization of Small Cast Grain Sizes
Small grain sizes, in the range of 100-200 microns are achievable in well grain refined, chilled castings and in spray formed alloys. When such materials are isothermally held in the liquid-solid region, dendrite coarsening first proceeds as in the case of the larger grains discussed above. When, however, the ripened dendrite arm spacing begins to approach the grain size itself, further coarsening first spheroidizes the grain and then the grain itself coarsens, as sketched in Figs. 2 and 3. Figure 7 , from Poirier et al., 10) shows the evolution of structure of grains in this size range. Figure 7 (a) is the original cast structure, with a dendrite arm spacing of 18 mm and a grain size of 177 mm. The irregularity of some of the arms in Fig. 7 (a) is evidence of the coarsening during initial solidification, and the ''filling in'' of spaces between some arms is the result of coalescence. After 300 s ( Fig. 7(b) , the dendritic nature is only barely apparent, and after 3600 seconds the structure is fully globular. Some entrapped eutectic remains, even at this longest heating time, Fig. 7(d) .
Still smaller grains (as small as 30 microns diameter) are achievable through agitation and rapid cooling, as discussed later in this paper. Figure 8 , from the doctoral thesis of Raul Martinez, 15, 16) shows microstructures of such grains; the initial grain size and dendrite arm spacing are mm and 5 mm, respectively. Evolution of this fine structure proceeds very rapidly, with the spheroidal structure forming in less than 5 s, and the structure then ripening with longer holding times. Some entrapped eutectic remains at the longest holding time shown, 60 s.
Once grains are approximately spheroidal in shape, further isothermal holding acts to coarsen the grain size. Coarsening typically proceeds with particle size increasing with time t 1=3 as shown by data in Fig. 9 . Also shown are the lines bounding the dendrite coarsening data of Fig. 6 . Two sets of data lie at the bottom end of the scatter band, while the third lies at the top. It is not clear what the reason for this is, but it may be in temperature of isothermal holding, or with the fineness of the segregate spacings in the initial samples (about 20 mm for the data points at the bottom of the band and 5 mm for those at the top of the band). A fourth set of data (square points in Fig. 9 ) is from spherical morphology solidification experiments to be discussed in the next section.
The coarsening observed in such spherical morphologies is usually described by some form of the ''LSW'' analysis, suggested initially by Greenwood 17) and later developed by Lifshitz and Slyozov, 18) and by Wagner. 19) A simplified form of the analysis may be written as follows: 17) "
where:
and " r r is the average radius of the spheres at time t, " r r 0 is average initial radius, D L is liquid diffusion coefficient, V m is molar volume, R is the gas constant, and T is temperature. Letting V m ¼ 10 À5 m 3 mole À1 and substituting other values given above yields a cubic coarsening coefficient of 66 mm 3 s À1 , which lies somewhat below the lower limit of the scatter band of Figs. 6 and 9.
One assumption of the LSW analysis that is not valid for most real cases of ripening of semi-solid alloys is that diffusion fields surrounding the particles do not overlap. Many attempts have been made to modify the LSW analysis to allow for overlap. That of Voorhees and Glicksman, treating the liquid as a film, yields the following relation for the ripening constant: 20)
where g s is volume fraction solid and a is a constant ranging from unity at zero fraction solid to 0.55 at 0.95 fraction solid. A number of investigators have found reasonable agreement of eq. (5) with experiment, at least over intermediate ranges of fraction solid, 8, [20] [21] [22] with coarsening rate increasing somewhat with fraction solid over intermediate ranges of fraction solid. At higher fractions solid, however, coarsening rates of these spherical morphologies often decrease, due to coalescence of favorably oriented grains; an example is given in Fig. 10 . Note that the coarsening rates given in this figure lie for the most part within the scatter band of Figs. 6 and 9.
Dendrite Multiplication and Spherical Growth Morphology
Dendritic growth can be circumvented in solidification if the grain number per unit volume is sufficiently high. The high grain number can be achieved in a few alloys by addition of a powerful nucleant (e,g., Zr in Mg-Zn alloys 23) ) and in all alloys by vigorous convection during initial solidification, especially when combined with rapid cooling. Convection during this early stage of solidification results in ''dendrite multiplication,'' which is the separation of individual dendrite arms or larger portions of the dendrite from its ''mother dendrite.'' The phenomenon has been observed visually in transparent materials. When convection during solidification is reduced to a low value, very large grain sizes are obtained in non-grain refined melts. Convection is reduced, for example, by solidification in a magnetic field, or in a highly constricted space. At the other extreme, very fine grain sizes are obtained by introducing strong convection in the early stages of solidification. 24) A schematic illustration of dendrite multiplication is shown in Fig. 4 .
We do not yet have a complete picture of the exact processes leading to this breakup, but it is clear that a coarsening mechanism must play a key role. The dendrite arms that first form under conditions of rapid cooling possess a very high surface to volume ratio. For example, in Al-4.5% Cu alloy, dendrite tip radius is about 1 mm for a dendrite tip velocity of 1 mm/s, or for growth of a free dendrite in the alloy at 4 K undercooling, Fig. 11 . 25, 26) The qualitative picture we have is that arms separate from these dendrites as a result of material transfer from dendrite arm roots to regions of lower curvature, with the transfer enhanced by thermal fluctuations from the convection. The convection also serves to eliminate any remaining superheat in the bulk liquid, and to carry dendrite fragments from the cooling surface throughout the casting or ingot. Whatever may be the details of the mechanism, it is clear that vigorous agitation, combined with rapid heat extraction in just the earliest stages of solidification, is the key to obtaining a fine grain structure. Two particularly effective methods for doing this are 1) pouring liquid alloy down a ''cooling slope, 27) '' and 2) rapidly stirring the alloy with a cold ''heat extractor. 16, 28) '' If the ''nuclei'' from the fragmentation process are sufficient in number, growth of grains is spheroidal and the minimum possible grain size is achieved-which is that dictated by ripening during solidification. Figure 12 shows schematically the second of these two methods, from doctoral thesis work of Raul Martinez. 15, 16) A cooling rod is immersed briefly into a liquid metal bath-long enough to cool the bath to just below the liquidus. After only a very small fraction solid forms, the stirring rod is removed and the semi-solid metal allowed to cool quiescently. Figure 13 shows the spheroidal growth structures that result in Al-4.5% Cu alloy solidified in this manner. The structures are from melts cooled quickly through the liquidus with vigorous stirring, then slowly cooled and and quenched after 6 and 80 s respectively. The average diameters of the grains are 20 and 50 mm respectively. These, and similar data points for other times, fall on the upper bound of the scatter band of Fig. 9 , as shown by the square points in that figure. From measured temperatures and by application of the Scheil equation, fractions solid are estimated to have been 0.05 and 0.30 respectively at the time of quench. The number of grains growing was about 1 Â 10 4 grains/mm 3 after 5 seconds, and 4 Â 10 3 grains/mm 3 after 60 seconds. It is not possible from this experiment to determine whether, in times shorter than about 5 s, growth was dendritic, although no remnant of a ripened dendritic structure was apparent in the microstructure of the sample quenched at 5 s.
It should perhaps be added here that industrial interest in obtaining these fine spheroidal structures is both to achieve improved properties of the final cast structure and to obtain readily flowable material for semi-solid forming, Fig. 13 . Much has now been written of the relation of structure to semi-solid formability, and it is clear that coarsening plays an important role in determining the thixotropic behavior of semi-solid alloys, even when the desired fully spheroidal structure is present, Fig. 14. 29, 30) 
Some Unanswered Questions
There remain many unanswered questions concerning coarsening in solidification, particularly with regard to short times and/or fine structures, which are the regimes most difficult to study experimentally. At least some of these questions are answerable today, however, with newer sensing and measuring instruments, or with transparent materials. Here, to conclude this talk, are three such questions. Each has important engineering implications:
What determines grain size in non-grain refined melts? The evidence is strong that many grains in non-grain refined melts result from dendrite multiplication. We can surmise, but do not know, the detailed mechanism of the dendrite breakup. We do not know what fraction of the grains result from a classical nucleation event and what fraction from the dendrite breakup. Of course, the experimental problems are formidable. Assuming the same dendrite coarsening kinetics observed at large spacings extend to the very fine initial structure of, say, a dendrite arm spacing of 2 mm, then every third dendrite arm would disappear in times on the order of 0.01 s. How do coarsening phenomena influence structure of inclusions? We have limited evidence that the coarsening mechanisms discussed for the major solidifying phase influence the size and morphology of non-metallic inclusions. Figure 15 shows some possibilities schematically. Few closely controlled studies have been carried out on this aspect of solidification.
What are the essential elements of a good grain refiner? The ''fading'' phenomena of most grain refiners strongly suggest an important role of coarsening in addition to sedimentation. It is not clear how such coarsening might affect the number, and morphology of heterogeneous nucleating particles and thereby the role they play in nucleation. It seems possible, for example, that the number of nucleating particles can be increased by ''nucleant multiplication'', as well as decreased by coalescence, as sketched in Fig. 15 .
